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RESUMO
Compreender os mecanismos que levam à formação de novas espécies é um dos grandes de-
safios em biologia evolutiva. Diversos modelos teóricos têm sido propostos a fim de entender
de que forma fatores como incompatibilidades genéticas, taxas de mutação, estocasticidades
e cenários geográficos contribuem para o processo evolutivo. Nesse trabalho focamos em
processos que levam ao desaparecimento de espécies, genericamente chamados de extinções.
Mostraremos ao longo desta dissertação que esse conceito pode ser subdividido em três cat-
egorias com propriedades distintas: fusão, reversão de especiação e extinção propriamente
dita. Dados recentes mostram evidências genéticas de reversão de especiação, corroborando
com um dos processos já previstos pelo nosso modelo. A distinção entre esses três mecan-
ismos de perda de diversidade foi possível com a construção de programas computacionais
que guardam informações sobre a ancestralidade dos indivíuos e suas espécies a cada ger-
ação. Com essas ferramentas fizemos um estudo sistemático da dependência destes eventos
com relação a diversos parâmetros do sistema, bem como um estudo preliminar das árvores
filogenéticas resultantes. Por fim, inserimos uma não neutralidade no modelo, por meio da
introdução da teoria de jogos evolutiva, a fim de estudarmos os efeitos da seleção natural no
número de espécies geradas e na frequência de fenótipos.
ABSTRACT
Understanding the mechanisms that lead to the formation of new species is one of the
major challenges in evolutionary biology. Several theoretical models have been proposed in
order to understand how factors such as genetic incompatibilities, mutation rates, stochastic-
ities and geographical scenarios contribute to the evolutionary process. In this thesis we focus
on processes that lead to the disappearance of species, generically called extinctions. We will
show throughout this dissertation that this concept can be subdivided into three categories
with distinct properties: fusion, reversal of species and extinction per se. Recent data show
genetic evidence of speciation reversal, corroborating one of the processes already predicted
by our model. The distinction between these three mechanisms of loss of diversity was made
possible by the construction of computer programs that store information about the ances-
try of individuals and their species with each generation. With these tools we have made a
systematic study of the dependence of these events on various system parameters, as well as
a preliminary study of the resulting phylogenetic trees. Finally, we insert non-neutrality into
the model by introducing evolutionary game theory in order to study the effects of natural
selection on the number of species generated and the frequency of phenotypes.
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Chapter 1 - Introduction
Speciation is still an open subject in evolutionary biology, and numerous questions can
be raised around it: from what is a species to how factors such as the presence or absence
of geographical barriers, mutations and dispersal affect their formation. For a long time, it
was believed that the only geographical scenario that allowed the spontaneous breakdown of
a population into different groups was one in which there was a geographical barrier, that
physically isolated a portion of the population from the rest. This is because this physical
isolation prevents reproduction between the populations that have been separated, in a way
that the genetic flow that occurs in sexual reproduction is completely avoided, and with
it, the homogenization of the differences created by mutations and adaptations. Thus, the
insertion of a geographical barrier allows the differences that appear in isolated populations
to increase, leading to the emergence of new species.
However, biological evidence as well as theoretical models have shown that speciation can
occur even in the absence of geographical barriers [1]. A classical example is the case of the nu-
merous species of cichlids [2] that inhabit the Great African Lakes, which have differentiated
in an environment without geographical barriers. Specialized breeding habits and selective
mating are believed to be responsible for the speciation of these fish [3,4]. Moreover, the work
of Dieckmann and Doebeli [5], shows theoretically that preferential mating and competition
for resources may lead to the spontaneous breakdown of the population in different species
without the need for geographical isolation. Therefore, it is possible to observe that several
other factors, such as competition for resources (food or water, for example), preferential
mating and genetic mutations, influence the speciation process. The scenario of geographic
isolation is just one of them. Thus, in order to truly understand how issues like preferential
mating, competition for resources, genetic mutations, among others, influence the complex
system of speciation, numerous theoretical models have been proposed [5,6,7,8,9].
Processes responsible for the decrease in biodiversity are as important as those that de-
scribe speciation, since they also hold important information about the evolutionary process.
However, when a species disappears without leaving biological traces, such as fossils, its his-
tory can be lost, and with it important data about the process of speciation. In this work,
we study the loss of biodiversity using a neutral theoretical model, in which all individuals
in the population are equally likely to reproduce. The simulations store all the information
of the speciation process, including those referring to species that disappeared, making it
possible to build a complete and exact phylogenetic tree, and to provide a tool for a detailed
study of processes responsible for the loss of biodiversity.
There are at least two mechanisms by which species disappear: when no individual in
a group leaves an offspring - a mechanism that will be called real extinction - and when
reproduction between individuals of different species is reinstated, such that they again con-
stitute a single species - this event will be called hybridization. Although hybridizations
are usually seen as a generator of new pathways to genetic diversity, there are a number of
factors that can increase reproduction among individuals of different species, and therefore
genetically absorb one species in other: the lack of sexual partners [10], the failure to recog-
nize co-specific partners [11,12], environmental and anthropogenic changes, such as climate
change and habitat loss [13,14]. The importance of hybridization in decreasing biodiversity
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is possibly diminished by the difficulty in detecting such a mechanism in biological data. In
addition, we will see that there are two forms of hybridization which can also be detected
and described by our model: fusion and speciation reversal. In this work, we refer to lineage
fusions when two sister-species, species which have the same most recent common ancestor,
reinstates gene flow and merge into a single species; and to speciation reversal when a species
collapse with a non-sister species. Thus, although speciation has long been seen as a tree-like
process in which a species has only two options: to go through a new process of speciation or
to become extinct, recent genetic evidence shows that the evolutionary process has a history
with loops, it is reticulated.
Anna M. Kearns et. al. [15], show, through DNA analysis of four distinct raven species,
genetic evidence of speciation reversal. They realize that Common Ravens (Corvus corax)
have a mosaic genome formed by the reinstatement of gene flow between two non-sister
lineages (species that do not have the same first common ancestor), the 'California' and
'Holartico' ravens, that went through this differentiation approximately 1.5 million years
ago. We will see that this mechanism is predicted by our model and this work was one of
the great motivators of our study. In this way, our objectives in this work are to understand
the contribution of fusions and reversals in hybridization through the study of a neutral
model, and thereby gain a more complete look into the evolutionary process. To do so, we
use a spatially explicit model of speciation [6] and make a systematic study of how the main
parameters of the model affects events of extinction, fusion and speciation reversal.
Lastly, we also present a non-neutral model - where the probability of an individual re-
producing is no longer constant throughout the population and becomes individually defined.
The individuals of the population were divided into Doves and Hawks, two different strategies
that were incorporated in the model using concepts of evolutionary game theory. We studied
the role of the selection promoted by their interactions in the number of species formed, as
well as in the frequency of Doves and Hawks.
We sought to obtain, through the study of these models, a deeper understanding of the
events leading to species disappearance and what parameters are significant for the decreasing
of biological diversity, as well how natural selection affects the frequency of phenotypes in a
population and the formation of new species.
12
Chapter 2 - Basic concepts
In order to better understand the models explored in this work, and the role of each
variable, it is important to understand some biological concepts that will be used. Here, we
briefly review the most important biological concepts for this work, and how each of them
will be explored later.
We start with genes, which are segments of the DNA molecule that contains instructions
usually for the production of proteins molecules and/or regulation of other genes activities.
They are transmitted to offspring by the parents and are responsible for the heritable char-
acteristics of individuals. The DNA is stored in chromosomes in cell nuclei - in the case of
eukaryotes such as animals, plants and fungi - or dispersed in the cytoplasm - in the case of
prokaryotes as bacteria. Chromosomes usually come in pairs, like in humans and most ani-
mals, which are then classified as diploid (2n) organisms. However, many organisms have a
single copy of the chromosomes (1n), such as fungi, algae, male bees and ants, called haploids;
whereas many plants have multiples copies (polyploidy).
In the models used throughout this work, we will represent DNA as a vector with B
entries, which can assume the values ±1, in the Derrida-Higgs Model, and 0 or 1, in all other
models, as can be seen in Figure 1. This implies that an individual will be represented by
an haploid genome.
Figure 1: Illustration of the DNA used.
The information is transmitted to offspring by sexual reproduction that involves genetic
recombination and mutation. Genetic recombination happens when the genetic material
of two different individuals is combined to form gametes, that will eventually be passed
to offspring during sexual reproduction. Mutations are errors in recombination or copy
process that introduces variation in the genome. Therefore, these two processes increases the
genetic variability between individuals of a population and, consequently, the genetic distance
between individuals also increases, enabling the formation of new species - a concept that
will be further explored.
In our model, sexual reproduction will be simulated in such a way that the offspring will
copy, with equal probability, gene by gene, the allele of the mother or the father (which
simulates genetic recombination) and there will be a probability, µ, of mutation in each
copy, meaning that each time the offspring copy the gene from one of the parents, there is a
probability µ that it will assume the opposite value.
2.1 Species
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There are many species concepts, and they can involve from morphology to genetics.
Species, for example, can be defined as a group of physically similar individuals, or as a
group of individuals that have the ability to produce viable or fertile offspring. However,
Ernst Mayr created the most consecrated concept of species, the biological species concept,
in which he imposes the need for reproduction or reproductive potentiality among individuals
of the same species, and reproductive isolation with others. Although he was not the the first
to define species based on reproduction - Buffon, a French naturalist, also defined species by
means of reproduction and fertility in the 18th century - his book [16], was an important
milestone for the matter.
There are many other definitions, including those for bacterias and asexual beings, but
in this work we will use the following definition: a species is a group of individuals that are
connected with each other by gene flow and isolated from other such groups. Individuals from
different species cannot reproduce and generate viable offspring, i.e., they are reproductively
isolated from each other. It is important to note that this definition of species does not
imply that all individuals from a certain species are able to reproduce with one another. It
is enough that there is direct, or indirect, gene flow between them, as shown in Figure 2.
We can cite two forms of reproductive isolation: prezygotic selection - mechanisms that
prevent sperm from fertilizing the egg - and postzygotic selection - mechanisms that prevent
zygote development. In all of our models, we will use prezygotic selection and the criterion
that will prevent reproduction will be defined by a reproductive compatibility. This criterion
will impose a maximum genetic distance: the maximum number of different genes that two
individuals can have in order to be able to reproduce with each other. In other words, if
individuals have a large genetic distance, reproduction will not occur. This is illustrated in
Figure 2(b)
(a) (b)
Figure 2: Illustration of the definition of species used. (a) Network representation: Note that
the individuals (represented by nodes of the network) do not need to be directly connected,
or directly reproductively compatible, to belong to the same species. (b) Representation of
the definition of species by genetic criteria. In this example, individuals are defined by a
genome with 5 genes and the maximum genetic distance is 1.
The speciation process depends on several variables besides genetic compatibility, since,
due to genetic homogenization caused by gene flow, it was expected that the separation of
a population into different species would never happen without physical isolation. Other
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factors such as competition for resources and assortativity- when there is preferential mating
guided by certain characteristics, such as a certain body size, or reproduction period [17] -
also contribute to the formation or maintenance of new species [18]. It is precisely because
speciation depends on several factors that it is still an open problem. Nevertheless, geographic
scenarios are a key element in speciation, since, as discussed, the presence of a geographical
barrier that prevents the genetic flow between two populations is the simplest way to avoid
the homogenization and reinforce genetic and phenotypic differences that arise. However,
the presence of this barrier constitutes just one of the geographical modes of speciation, and
we discuss the role of this and other modes of speciation in the next section.
2.2 Geographic Modes of Speciation
There are four main types of geographic modes of speciation: allopatric, parapatric,
peripatric and sympatric. In allopatry a given species is separated by a geographical barrier
that prevents mating and gene flow. After undergoing phenotypic and/or genotypic changes,
the populations are no longer able to reproduce among themselves when brought back into
contact.
In parapatric speciation, there is partial restriction to gene flow. Thus, species develop
reproductive isolation while still exchanging genes. In this mode, mating is not random,
individuals tend, for example, to mate with others that are closer geographically, so gene
flow is not homogeneous. Populations may exist in a continuous geographic settings (without
geographical barriers) or discontinuous geographic settings (in the presence of incomplete
geographic barriers).
Peripatric specition processes happen when a peripheral population is isolated (with or
without a geographic barrier) from the rest of the population, undergoing phenotypic or
genetic differentiation, so that when the populations come back in contact, the gene flow is
no longer possible.
Lastly, in sympatry, there is no restriction to gene flow. In this mode there is no geo-
graphical barrier and mating is random. Because of the genetic intermixing that happens
freely in this mode, there are still doubts if this is a viable geographical mode of speciation.
Through this work we will study parapatric and sympatric modes, and we will move
between these two geographical modes of speciation by manipulating the mating radius - a
concept that will be discussed in more detail later in this thesis.
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Figure 3: Illustration of modes of speciation. (a) Allopatric (b) Parapatric (c) Peripatric (d)
Sympatric.
To understand the evolutionary process, phylogenetic trees, that store all the evolutionary
history of species and can be defined as a graphical representation of evolutionary connections
between organisms or genes [19] are an indispensable tool [20]. Throughout this work we
will explore two main models of speciation, a neutral and a non-neutral model, that can give
us a more complete look into the speciation process and the disappearance of species, and
therefore give us more complete phylogenetic trees.
2.3 Phylogenetic Trees
Phylogenetic trees are composed by four elements: the root, the leaves, the internal
nodes and the branches. The root represents the ancestral lineage, and the leaves represent
the living descendants of that ancestor at the moment of interest. The branches are the links
between species at different moments of evolution and the internal nodes represent when a
given species splitted into two. All elements can be observed in the Figure 4.
Figure 4: Phylogenetic tree example.
Traditionally phylogenetic trees are built from the leaves to the root, and the links be-
tween species are made from empirical data, such as molecular data which can give infor-
mation about when speciation happened. However, important information, such as species
disappearance, or even about the process that led to its disappearance, can be lost in this
tree shape representation.
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In all the models used throughout this work, we were able to built our phylogentic tree
from the root to the leafs, storing all the evolutionary process information, including not
only the events of speciations and living species, but also the species that disappeared. In
this way we were able to build complete and exact phylogenetic trees that contained all the
process, including the processes that led to the disappearance of species, and consequently
to the diminution of biological diversity - extinction, speciation reversal and fusion, as will
be shown latter in this work. An example of a complete phylogenetic tree obtained with
our models is shown in Figure 5. The events that lead to the disappearance of a species are
represented by the branch interruption.
Figure 5: Example of complete phylogenetic tree.
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Chapter 3 - Neutral Models
3.1 Derrida-Higgs Model
The DH model provides one of the simplest descriptions of speciation. It uses the infinite
genome approximation and has no spatial constraints. In this model we consider a population
with constant size, N, and with individuals characterized by genomes with B biallelic genes
that can assume the values ±1, as illustrated in Figure 1. Initially all individuals are identical
and the genome size will be taken to infinity.
Before we describe the dynamics of the model, we will define the genetic similarity and
the genetic distance between individuals, two measures that will play important roles in the
model. The similarity between two individuals, α and β, is defined as in Equation 1 [21] (see
Figure 6)
qαβ =
1
B
∑
Sαi S
β
i . (1)
Figure 6: Illustration of genomes and the definition of similarity .
If the individuals have identical genomes, then qαβ = 1, while two genomes with random
entries will have qαβ close to zero. With the similarity between individuals we may define the
similarity matrix, in which each entry is the similarity between two individuals. The matrix
is symmetric, with all the components of the main diagonal equal to 1, as can be seen in
Table 1. 
1 q12 q13 ... q1N
q12 1 q23 ... q2N
q13 q23 1 ... q3N
...
...
...
...
...
q1N q2N q3N ... 1

Table 1: Similarity matrix for a population with N individuals
We can also calculate the genetic distance between two individuals, α and β, which is
a counting of the number of genes with different alleles between their genomes, as follows:
since Sαi = S
β
i , implies S
α
i S
β
i = 1, and S
α
i 6= Sβi , implies Sαi Sβi = −1, then the number of
different alleles between two individuals, dαβ, can be obtained from the similarity as
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qαβ =
1
B
[(B − dαβ)(1) + dαβ(−1)], (2)
or
dαβ=B(
1−qαβ)
2
. (3)
The metrics of genetic similarity and genetic distance will be important to define species,
which, according to the definition used in this work, is a group of individuals that can
reproduce among themselves and is isolated from other groups by genetic criteria.
There are three main models inside the Derrida-Higgs Model: an asexual model, known as
the One Parent Model (OPM), and two sexual models, the Homogeneous Population Model
(HPM) and the Species Formation Model (SFM). The OPM, is the simplest case and helps
to understand the model dynamics. The HPM has random, unrestricted mating and there is
no formation of species, while the SFM has non-random mating, that is allowed only between
sufficiently similar individuals, and in this case, as the name indicates, the formation of new
species occurs. Here, we will explore only the OPM and the SFM.
3.1.1 Asexual Model
In the OPM, each generation is built from the previous generation, as follows: a genitor
is randomly selected within the population and produces an offspring which is, initially, an
identical copy of the parent. Then, each gene may suffer a mutation with probability µ,
which means that Sαi will be equal to S
G(α)
i with probability
1
2
(1 + e−2µ) or equal to −SG(α)i
with probability 1
2
(1− e−2µ) [22], where α designates the offspring and G(α) its genitor. The
process is repeated until N offspring are generated.
The expected value of the similarity between two individuals, α and β, is given by:
E(qαβ) =
1
B
∞∑
i=0
E(Sαi )E(S
β
i ) (4)
E(Sαi ) = S
G(α)
i
1
2
(1 + e−2µ)− SG(α)i
1
2
(1− e−2µ) = SG(α)i e−2µ (5)
E(qαβ) =
1
B
∞∑
i=0
S
G(α)
i S
G(β)
i e
−4µ = qG(α)G(β)e−4µ (6)
In the limit B → ∞, infinite genome, the average value, given by Equation 6, becomes
the actual value, and we obtain an exact rule for updating the similarity matrix. In this case
we do not construct each individual's genome, we only work with the NxN similarity matrix.
qαβ = e−4µqG(α)G(β) (7)
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The overlap distribution, P(q), of the non-diagonal elements of the similarity matrix is
shown in Figure 7, copied from [21]. The bottom curve is the result after 4000 generations
and each curve above is 100 generations later. As can be observed, there is a larger number
of peaks near q=1, with smaller sizes, and a smaller number of peaks near q=0, with bigger
sizes, and the peaks drifts in the direction of q=0, in which the genomes have random
entries. Knowing that the similarity between two individuals that have a common ancestor
Tαβ generations ago is given by qαβ = e−4µT
αβ
[21], this result shows that genealogy is mostly
composed of small branches in later generations, and these branches are descended from a
few longer branches, which in turn belong to older generations.
Figure 7: The overlap distribution, separated by 100 generation, for the OPM with N=2000
and µ = 1/8000. Image copied from [21]
3.1.2 Sexual Model
In this case offspring are generated not from a single parent, but from the genetic recom-
bination of two parents. In the sexual model the next generation is constructed from the
previous one as follows: the first parent, P 1, is chosen at random from the population with
N individuals. Then a second parent, P2, is also selected at random, but with the condition
that it must be sufficiently similar to P1, i.e., the genetic similarity must satisfy qP1P2 ≥ qmin,
where qmin is a parameter of the model, the minimum genetic similarity. Mating is, there-
fore, not exactly random, but assortative. Converting similarity into genetic distance, we see
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that parents are compatible only if they have at most G = B (1−qmin)
2
genetic differences. P2
is randomly chosen until that condition is satisfied and if no individual satisfy this condition,
a new first genitor in randomly chosen. The offspring inherits, with equal probability, gene
by gene, the allele by one of the parents. After that, each allele can also mutate with rate µ.
Again the process is repeated until N offspring are generated.
In the limit B →∞ the update rule for the similarity matrix is given equivalently by [21]
qαβ =
e=4µ
4
(
qP1(α)P1(β) + qP2(α)P1(β) + qP1(α)P2(β) + qP2(α)P2(β)
)
. (8)
An example of the overlap distribution for the SFM can be observed in Figure 8, copied
from [21], with the separation between the lines being 100 generations and qmin = 0.65. There
are two different species and 3 peaks. The peaks A and B are the overlap of individuals of
the same species (q>0.65), while C represents the overlap of two different species (q<0.65).
Note that the displacement of the peaks with time indicates that species are spontaneously
formed and move away from each other in genetic space. The introduction of an assortative
parameter, qmin, makes the emergence of different species possible, and if qmin is removed no
species form.
Figure 8: The overlap distribution, separated by 100 generation, for the SFM with N=2000,
µ = 1/8000 and qmin = 0.65, copied from [21]
Although the DH model is able to show the emergence of new species and it is important
21
in the initial understanding of the problem, it is quite unrealistic, since an infinite genome
does not exist. However, as we make the genome finite, for speciation to still occur, it must
still be very large, making simulations difficult.
The insertion of space and spatial constraints make it possible to narrow the genome to
the order of 102 genes - in this work, the the smallest genome has 150 genes - not only making
simulations faster, but also making the model more realistic. Next we will study a spatial
version of this model with finite genomes, proposed by de Aguiar, et. al. [6]
3.3 Spatial Model for Finite Genome
In the model proposed by de Aguiar, et. al. [6] each individual is characterized by a
finite genome with B loci that can assume the values 1 or 0. The individuals are randomly
distributed in a spatial square area consisting of LxL discrete lattice sites, with periodic
boundary conditions. All individuals are hermaphrodite and initially genetically identical.
In this model, besides the genetic restriction for mating, there is also a spatial restriction.
For future reference we will call this model SMFG (Spatial Model for Finite Genomes)
The SMFG is a neutral model in the sense that all individuals in the population have
equal probability to reproduce and each generation is built as follows: at the beginning all
individuals are genetically identical and at every generation, each one of the N individuals
has a chance of reproducing, but there is also a probability, given by qmat, that it will not do
so. If the focal individual, that is randomly selected in the population, is not able to look for
a compatible partner, another individual from its mating neighborhood, defined by a spatial
radius, S, is randomly chosen to reproduce in its place. In either case, the resulting offspring
is placed in the same location as the focal individual, or, with a probability D, the offspring
disperses to another place inside its focal parent neighborhood. In this way, the uniformity
of the spatial distribution is guaranteed, since there will be an individual of the current
generation that is close to each individual of the previous one, avoiding the formation of
clusters. The focal individual, or the neighbor reproducing in its place, chooses a compatible
second genitor inside its mating neighborhood. The compatibility between individuals is
defined by a maximum genetic distance, G, that is the maximum number of different genes
that two individuals can have in order to be able to reproduce with each other, as is illustrated
in Figure 9, in a way that if two individuals are too genetically different, they will not be
able to reproduce with each other. If the number of compatibles individuals is smaller than
P (we use P=3 in our simulations), due to fluctuations in the spatial distribution, the search
radius is gradually increased until S+3. If there is still less than P compatible mates, another
neighbor is randomly selected to reproduce in its place. If, on the other hand, a compatible
individual is found, sexual reproduction occurs and the offspring copies the genome, gene
by gene, with equal probability, from the mother or the father. With each copy, there is a
probability, µ, that mutation will occur, that is, there is a probability µ that the copied gene
will change from zero to one, or vice versa. In this process N offspring are generated.
The size of the mating radius is an important parameter of the SMFG. Small values of
S, represents a lower genetic flow between individuals, allowing the population breaking into
species even with small genome sizes and with no physical barriers, which corresponds to
22
parapatry. On the other hand, for large values of S (for instance when S=L/2) we recover
the DH Model for finite genome and sympatry is simulated.
Figure 9: Illustration of the population, where each point is an individual, distributed in
a cell with periodic boundary conditions, of the mating radius and of the genetic distance
between two individuals.
Through mutation and gene recombination, an increase in genetic variability occurs, mak-
ing possible the emergence of new species, as can be seen in Figure 10 from [6]. In each
snapshot the dots represent individuals and each color represents a different species.
The global patterns predicted by the SMFG are consistent with many species like some
species of flowering plants, ray-finned fishes, British birds and moths, North American song-
birds and Panamanian shrubs [6], however it does not explore the species that disappeared,
or even the reasons and mechanisms that led to their disappearance. Understanding the
mechanisms that lead to the disappearance of species, as well the dynamic of the process
that led to this disappearance and what factors are important to them, is a key step to un-
derstand and reconstruct the speciation process, but it is difficult to reconstruct the history
of a species that has disappeared without leaving biological traces. In our model, we store
all information about living species, as well as the species that disappeared, providing a tool
for studying the events that lead to biodiversity decline.
At first we generically called all the events that result in species disappearance as extinc-
tions. However a more careful look at the data generated by our model made us realize that
there are at least two mechanisms by which these disappearances occur: when no individual
in the group leaves descendants or when gene flow is reinstated between two species. The
first one is a real extinction and the other is an hybridization, when two species merge into
one. We will explore these concepts in more details in the next section.
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Figure 10: Temporal evolution for the Space Model for Finite Genome. Parameters: 2000
individuals, cell 128x128, mating radius S = 6, maximum genetic distance G = 20 and genome
size B = 125. Each dot represents an individual and each color a species (reproduced from
[6]).
3.3.1 Definitions
In this section, we divide the mechanisms that lead to species disappearance into extinc-
tions and hybridizations and we define the hybridization splitting it into two different events:
fusion and speciation reversal.
In this work we say that a species goes extinct if no individual belonging to that species
leave descendants to the next generation. Hybridizations, on the other hand are the disap-
pearance of a species caused by the restoration of gene flow with another species. There are
two different mechanisms by which an hybridization happens in our model: fusions and rever-
sals. Fusions are usually defined as the physical process of hybridization through the merge
of haploid cells or hyphae from different species [23]. In this work, however, we consider that
a fusion has happened when two distinct species, by mutation and/or genetic recombination,
increases the genetic similarity and re-establish the gene flow. Schematically, this happens
when a species A splits into A′ and A′′, and the new species merge back into a single species.
Speciation reversal happens when the gene flow between two species is re-established after an
intermediary speciation process. In other words, reversals are a particular type of fusions,
where A splits into A′ and B. A′ splits again into A′′ and C, and a reversal occurs if either A′′
or C merges with B. This means that in speciation reversal, hybridization happens between
species originated in different times (or from different speciation events), instead of species
that originated at the same time or from the same speciation event, therefore, in speciation
reversal, hybridization occurs between species that are genetically more distant.
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Figure 11: Illustration of the processes leading to species disappearance alongside the
schematic representation in phylogenetic trees: extinctions, fusions and speciation reversal.
3.3.2 Event Detection
In order to be able to track extinction, fusion, and speciation reversal events, information
about all events and species that are formed must be stored.
Figure 12: Scheme of detection and identification of events of extinction, fusion and speciation
reversal. Each row and color represents a generation and each circle a species.
To identify which species has disappeared and by what mechanism this has happened it is
necessary to look at past generations, as can be seen in Figure 12. When a species disappears
between generations T-1 and T, we look at the parents of individuals of generation T in each
species. If all species of generation T have parents in only one species of generation T-1, that
is, if the species between generations T and T-1 are connected one by one, and only one is
not connected, then no individual of that species has left descendants, which configures an
extinction.
When, however, at least one of the species from generation T has parents in more than
one species in generation T-1, we know that an hybridization has occurred. In this case
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the species are no longer intergenerationally connected one by one. To identify whether the
hybridization happened through by fusion or speciation reversal, we must look at previous
generations and repeat the process of looking at the parents of individuals, however this
time we will look at the parents of individuals of generation T-1. If the species that merged
between generations T-1 and T have parents in the same species in generation T-2, we know
that a fusion happened, otherwise we know that a speciation reversal took place.
To better understand the dependence of the events that lead to the disappearance of
species with the parameters of the model - we were particularly interested in the role of
genome size in these processes - and study the corresponding phylogenetic trees, we ran fifty
simulations of the Spatial Model for Finite Genome, for three different genome sizes (B=150,
1500 e 15000), with some parameters kept constant, as can be seen in Table 2
N 1000
L 100
T 5000
µ 0.00025
qmat 0.37
Table 2: Parameters that were kept constant throughout all simulations.
The probability that the focal individual will not reproduce, qmat , was kept constant and
equal to 0.37 since the probability that an individual will not be selected in any of the N
trials with replacement is given by (1− 1/N)N ≈ e−1 ≈ 0.37.
26
Chapter 4 - Results and Discussion
4.1 Phylogentic Trees
Figure 13 shows an example of phylogenetic tree for B=150. The first panel shows the
complete tree, with all species. Panel (b) shows the same tree, but with the species that
lasted less than 5 generations removed. Similarly, panel (c) shows the tree with species that
lasted less than 10 generations removed. In Figure 13 (a) all speciation events (represented
by the branches split), as well as all extinctions, speciation reversals and fusions, respectively
represented by green, red and light blue dots, are shown. Note that reversals mainly happens
at the beginning of the evolutionary process, called the adaptive radiation, in which new
species rapidly appears until the species richness equilibrates. Extinctions and fusions, on
the other hand, happen at any time of the evolutionary process.
We applied two time filters in order to gain some insight into the characteristic time of
events that led to the disappearance of species. The first, shown in Figure 13 (b), cut off
all species that lasted less than 5 generations, and the second, shown in Figure 13 (c) cut
off all species that lasted less than 10 generations. As can be observed, the extinctions were
little affected by the time filters, so these events take longer to happen. On the other hand,
the fusions and reversals were greatly affected, indicating that they are events with shorter
characteristic time. The same study was repeated for B=1500 and B=15000 and similar
results for the characteristic times of the events were found for all genome sizes.
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Figure 13: Phylogenetic trees resulting from the Finite Genome Space Model for B = 150 and
G = 7. In (a) Complete phylogenetic tree, (b) 5 generation filtered tree and (c) 10 generation
filtered tree.
The Figure 14 shows how the events of extinction, fusion and speciation reversal look like.
The phylogenetic tree shown in Figure 14 is a complete phylogenetic tree, that contains all
the events through the evolutionary process. In red are represented the extinctions, while in
blue and yellow are represented speciation reversal and fusion, respectively, and in green are
represented the extant species. Marked by a star and pointed with an arrow are the process
shown in the population plot above the tree. In the population plot, the points and stars
represent individuals and the colors represents different species. In the first row it is shown
28
the extinction of the species represented by the red stars. It is possible to observe that the
number of individuals decreases over the generations, until only one individual is left; since
no reproduction is possible due to the lack of compatible partners, the species goes extinct
in the next generation. The second row exhibit the branching of the black species into black
and yellow, and the subsequent fusion of these same species. And the third row highlights
a speciation reversal, where first the black species splits into the black an blue. Then the
black species suffers another branching process, giving origin to the orange species. Finally
the blue species merges back with the black species, although the most likely process would
be for the orange and black species to reestablish gene flow.
Figure 14: Complete phylogenetic tree and representation of the events of extinction (in red),
fusion (in yellow) and speciation reversal (in blue), for B=1500 and G=75. The stars and
arrows indicates the process that are shown in the temporal sequence above the tree.
4.2 Events Characteristic Times
Seeking to better understand the characteristic times of extinctions, fusions and speciation
reversals, first we plotted the number of those events per generation with, and without, time
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filter, as can be seen in Figure 15. In this way we were able to gain an insight on the average
time for these events to occur. Then we recorded the times that the species lived until one
of the three events happened, and plotted an histogram with these data, shown in Figure 16.
Figure 15: Graph of the number of events of extinction, fusion and speciation reversal over
5000 generations for B = 150, without time filter and with two different time filters: for 5
and 10 generations.
In Figure 15 we show how the extinction, fusion and reversal are affected by the time
filters we have applied. Extinction is a process little affected by time filters, which indicates
that, on average, it takes more than 10 generations to occur. The fact that this is a long
process was expected, since for an extinction to occur, the population needs to gradually
decrease in size, until no individual leaves descendants.
Fusion and speciation reversal are significantly affected by time filters, indicating that
they typically occur in ephemeral, short lived, populations. The probability that two species
will be only barely incompatible for re-establishment of gene flow will be greater soon after
differentiation, since mutations and recombination have not yet significantly increased genetic
differences. Thus we expected that these events would, in fact, happen in a shorter time
average.
Notice that, because extinction and fusion slopes of events over time is approximately
constant and ascendant, we can conclude that extinction and fusion events happen at any
time, from the beginning to the most recent events during the evolutionary process. The
speciation reversal, on the other hand, occur mostly at the beginning of the evolutionary
process, as can be seen in Figure 15. A closer look shows that the rate of fusions is larger
during radiation, but remains constant after that. All these facts can also be observed in the
phylogenetic trees shown in Figure 13, it can be seen that, when applying the time filters, the
number of green dots - representing extinctions - remains almost constant, while the red and
light blue dots - representing the reversals and fusions, respectively - decrease significantly. It
is also possible to check, by the phylogenetic tree in Figure 13, that fusions happen during the
entire evolutionary process, while speciation reversal is more concentrated on the beginning
of the process.
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Figure 16: Extinction, fusion and speciation reversal branch length distribution histograms.
The histograms in Figure 16, show the time distribution of the events, corroborating the
above results. Note that, in fact, extinctions are longer processes and have a exponential
distribution. Although fusions and reversals occur in ephemeral populations, speciation re-
versals have a wider time distribution than fusion. This happens since two speciation events
are required for a reversal to occur.
4.3 Population Size
In order to better understand the events that lead to the disappearance of species, we
studied the size of populations when they suffered the process of extinction, fusion or spe-
ciation reversal. For this purpose, we made histograms that show the size of the species
at the time of the event. The results can be observed in Figure 17. Note that extinctions
occur only for populations up to five individuals, and are more common in populations with
two individuals, whereas fusion and speciation reversal occur for populations of varying sizes
and have exponential distribution. Since, for an extinction process to occur, no individual
of the species can leave descendants and the probability that no individual reproduces in a
small population is greater than in a species with a large number of individuals, this result
is consistent with the definition of extinction. For fusion and speciation reversal, there is,
in fact, no limitation of population size, since for the genetic flow to be reinstated between
species A and B, it is sufficient that only one individual of species A be compatible with
one individual of species B, creating an indirect genetic flow between the other individuals
of both species.
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Figure 17: Histogram of the populations sizes from the moment they went through the
processes of extinction, fusion and speciation reversal.
4.4 The Role of Genome Size
Figure 18: Graphs of cumulative numbers events (first row) and numbers of events per
generation (second row) of extinction, fusion and speciation reversal over 5000 generations
for B = 150, 1500, 15000.
We studied the dependence of the numbers of extinctions, fusions, and speciation reversals
with the size of the genome. To that end, we plotted the the cumulative number and the
number per generation of each of the events, over 5000 generations, for each genome value.
As can be seen in Figure 18, extinctions, although affected by variation in genome size,
continue to occur for all values of this parameter, since this events depends mainly on the
decreasing of the population size to occur.
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Fusions and reversals of speciation, on the other hand, as can be observed in Figure 18,
are significantly affected by variation in genome size, with reversals no longer occurring for
B = 15000. What is striking is that the G / B fraction - maximum genetic distance by
genome size - was kept constant for all genome sizes, so the probability that mutations and
recombination would occur in such a way that reproductive isolation was undone, a priori,
was also maintained. We made some attempts to calculate the probability that hybridization
would occur in order to better understand the dependence of the number of events on the
genome size, however we were unsuccessful, leaving this issue open for future work.
4.5 The Role of Mating Radius Size
Motivated by the lack of reversals of speciation and fusion for large values of B, and by
the fact that the size of the mating radius, S, also affects the mode of speciation, we studied
how S affects extinctions and hybridizations. We recall that a small mating radius restricts
the search for a compatible partner to a small area, so that the focal individual only mates
with other geographically close individuals, simulating parapatric speciation. Larger values
of S, on the other hand, simulate sympatric speciation, since the focal individual is no longer
restricted to searching for geographically close compatible mates, in other words, the spatial
constraint is partially removed. For this study, we kept the genome size fixed at B = 15000,
and varied the S size by 5, 7.5, and 10 into a 100x100 size cell. Because of the time for each
simulation with this genome size, we did not do fifty replicas for each size of S. The following
results were kept by completeness to the systematic analysis of the variation of the model
parameters and as a motivation for future work.
Figure 19: Number of events of extinction, fusion and speciation reversal over 5000 genera-
tions for B = 15000 and S = 5.0, 7.5 and 10.0.
A shown in Figure 19 the number of extinctions and hybridizations increases for S = 10
compared to S = 5. For fusions and speciation reversals, the greater the area that the focal
individual can look for a partner, the greater the likelihood that he will find a second com-
patible mate, increasing the chance of gene recombination and mutation, such that genetic
differences between two species decrease. On the other hand, as regards extinctions, there
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are two ways in which an individual may not leave offspring in our model: he cannot look
for a compatible partner (if drawn to not reproduce - probability given by qmat) or if they
can not find a compatible partner inside its mating radius; the first case is not related to
the mating radius size, while the second is (by the same argument given for hybridizations).
Thus, the number of extinctions was expected to decrease with the increasing of the mating
radius, however, according to the data obtained, the number of extinctions increases when
the speciation mode is sympatric. To verify such behavior and better understand the effect
of mating radius size on events leading to biodiversity diminish, further simulations must be
made.
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Chapter 5 - Game Theory and Non-neutral Model
In the first four chapters of this dissertation we have focused on processes leading to
the disappearance of species. We did that using a neutral model of speciation, where the
probability that an individual leaves descendants is independent of its specific genome or
its environment, as long as it can find a compatible mate. But what would happen if that
probability was no longer the same? In this chapter we will change the model to include
fitness and selection. We will do that using game theory and will only look at the effects of
these new interactions in terms of species formation. Extinctions, fusions and reversals in
this new model will be the subject of a future work.
To understand what type of non-neutrality will be considered and how it affects the
formation of new species, first it is important to understand what is an individual's fitness
and how this concept translates into our model. Fitness is a concept that summarizes the
effects of natural and sexual selections in a quantitative way. It represents what genotype, or
phenotype, is more effective in leaving an offspring. It is a relative measure that depends, for
example, on the environment and on the frequency of different genotypes, or phenotypes, in
the population. In our work, fitness will be the probability that an individual will reproduce.
In this way, the model will no longer be neutral once this probability is not the same through
the population. Here fitness will be defined individually with the help of Evolutionary Game
Theory.
Evolutionary game theory (EGT) is an adaptation to biology of the mathematical theory
of games, firstly used in economics. It was introduced by R. A. Fisher [24], in his work,
The Genetic Theory of Natural Selection [25], where he seeks to understand why there is an
approximately 50% ratio of males and females in mammals. He realizes that the fitness of an
individual depends on the relative frequencies of the phenotypes - in this case, the frequency
of males and females - in the population, and this dependency introduces a strategic element
into the evolutionary process.
In this work we will use a statistical approach to the EGT, that utilizes the concept
of an evolutionary stable strategy - the strategy that will be favored by natural selection -
as the main tool of analyses. This approach comes from the work of Maynard Smith and
Price [26], and the evolutionary stable strategy arises as a result of the interaction between
individuals with different strategies (or phenotypes), represented by a matrix, called the
payoff matrix. To illustrate this idea, let us consider a population where individuals can
assume two strategies, C (to cooperate) and D (to defect). Given two individuals, P1 and
P2, which can assume either of the two strategies, we can write the interaction between them
in the form of a payoff matrix. In this matrix, the first row represent the possible results
of the interaction if individual P1 chooses to cooperate, and the second row represent the
possible results of the interaction if individual P1 chooses to defect. In other words the entries
of the matrix represents the payoffs for P1 given the strategies chosen by him and P2, so
that the payoff matrix must have 4 entries. In Table 3, is illustrates the payoff matrix for a
game known as the Prisoners Dilemma (PD).
35
P1\P2 C D
C aCC aCD
D aDC aDD
Table 3: Payoff matrix for the prisoners dilemma, where aDC>aCC>aDD>aCD.
The PD can be understood as if two thieves were caught by the police, and were given
to then two possibilities: to remain silent - cooperate (C) - or to betray - defect (D). In
this game simpler form, there are four payoffs: aDD (the punishment when both betray each
other), aCC (the reward when both cooperate), aCD (the sucker's payoff for the reported) and
aDC (the temptation payoff for who reported), where aDC>aCC>aDD>aCD. Although the
most advantageous strategy as a group is not to betray, the individual advantageous strategy
is to betray his partner. Therefore, individuals tend to this strategy, which means that this
strategy is stable.
To better understand the stability of strategies in game theory, first we need to understand
how the fitness is computed. Consider again a population where each individual can assume
one of the two generic strategies: c or d, and in which there is a frequency xc of individuals
with strategy c and a frequency xd of individuals with strategy d, in such a way that xc+xd =
1.
Given the following payoff matrix
c d
c X W
d L T
we can write the fitness of each strategie as
fc(x(t)) = Xxc(t) +Wxd(t) (9)
fd(x(t)) = Lxc(t) + Txd(t), (10)
where fc and fd are the fitness corresponding to each strategy. The changes in the frequencies
of each strategy over time can be written as
x˙c = xc(t)(fc(x(t))− φ) (11)
x˙d = xd(t)(fd(x(t))− φ), (12)
where φ = xcfc+ xdfd is the mean fitness of the population. Now, if xc = x, then xd = 1− x
and we can write the dynamic equation, or the replicator equation:
x˙ = x(1− x)[fc(x)− fd(x)]. (13)
The stationary solutions of this equation, given by x˙ = 0, give the fraction x of individuals
with strategy c and (1-x) of individuals with strategy d in equilibrium. However, only those
that are stable will be reached by the population.
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In terms of evolutionary game theory, each game strategy can be viewed as a phenotype.
In our model these phenotypes will be termed the Hawk and Dove which is a classic game of
competition for resources.
5.1 The Model
In this section we show how to include the ideas of game theory in our model of speciation.
Hawk and Dove strategies will be an additional feature beyond the genetic characteristics
already existing in the original model, and will be inherited from one parent with equal
probability and with no possibility of mutation.
5.1.1. Hawk-Dove Game:
In this game there are two different phenotypes, Dove and Hawk, that compete for a shared
resource. When two players compete for the resource, their behavior will depend on their
strategy: a Hawk initiates a fight and just stop if it is injured or if the other player retreats
and a Dove retreats if the other player initiates a fight. It is important to understand that
Hawk and Dove do not refer to different species, but to different strategies that individuals
have inherited, independent of their species, and are hard-wired in their genomes.
This game was first described by John Maynard Smith and George Price [26], in their
work, The Logic of Animal Conflict, and will be described here by the payoff matrix in Table
4.
H D
H aHH aHD
D aDH aDD
Table 4: Generic payoff matrix for the HD Game, with aHD > aDD > aDH > aHH
In this type of game we impose that the payoffs satisfy aHD > aDD > aDH > aHH . In
our simulations, the game was described by the following numeric payoff matrix
H D
H 0 4
D 1 2
Table 5: Payoff matrix used for the Hawk-Dove game.
It is important to find the equilibrium points of this game on its classical form before
we include the genetics. To do so, we have to look at the fitness and replicator equations.
According to Eqs. 9 and 10 and Table 5,
fD = 2xD + xH
fH = 4xD,
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if x = xD, from Equation 13, we can write
x˙ = x(x− 1)(2x+ (1− x)− 4x) = x(x− 1)(1− 3x). (14)
In this way, Equation 14 gives us the unstable equilibrium points 0 and 1 and the stable
equilibrium point 1/3. This means that the system is in an equilibrium when no individual
is a Dove, when all individuals are Doves or when 1/3 of the individuals are Doves, so we
start with 1/3 of the population taking over the Dove strategy, since this is the only stable
equilibrium point.
However, in our model, we wanted to couple the interactions represented by the game
with the genetics. Therefore we defined the fitness of an individual as depending on the
frequency of phenotypes of other individuals in its neighborhood but also on their genetic
similarity. The following equations were used to determine the fitness of the individuals:
fD = 1 + κ(aDDxD + aDHxH) (15)
fH = 1 + κ(aHDxD + aHHxH). (16)
In Equation 15 the fitness of a Dove is defined, and in Equation 16, the fitness of a
Hawk. The entrance of the payoff matrix for the game studied in this work are given by aDD,
aDH , aHD, aHH . The role of the constant κ is to regulate the intensity of the game in our
original model, i.e., the bigger κ, more important, or more intense, is the influence of the
non-neutrality defined.
To introduce the dependence of the fitness on the genetic similarity of individuals, we
defined the variables xiD and x
i
H , for a focal individual, i, with Dove strategy and with Hawk
strategy, respectively.
xiD =
∑
jDvi
e−d
2
ijD
/2α2 (17)
xiH =
∑
jHvi
e−d
2
ijH
/2α2 (18)
x = xD + xH
xD = xD/x (19)
xH = xH/x (20)
jD and jH are the neighbors of the focal individual with Dove and Hawk strategies, respec-
tively, and vi is the neighborhood of the focal individual, i, defined by the mating radius, S.
dij is the genetic distance between the focal individual and its neighbor, jH,D, and α is the
variance of the distribution and acts like a weight for the genetic distance. In this way, the
sums calculates the number of neighbors of the focal individual, i, of type Dove and Hawk
with a weight given by the genetic similarity. If α is small, the contribution of genetically
similar neighbors for the fitness of the focal individual is bigger, and if α is large, the impor-
tance of genetic distance in contributing to the focal individual's fitness is diminished. Note
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that if α is very large, this some is simply the amount of Doves (Eq. 17) and Hawks (Eq.
18) in the neighborhood of the focal individual, that is, there is no longer a dependence of
the fitness on the genetic similarity.
Section 5.2: Results and Discussion
In this section we present the preliminary results for the Non-neutral Model. At the be-
ginning of our simulations, all individuals were genetically identical and randomly distributed
in space, 1/3 of the individuals had Dove and 2/3 Hawk strategy, and the strategies were also
randomly assigned. We varied the intensity of the game, which is given by κ, and the variance
of the distribution, given by α, to study the effects on the number of species formed and on
the frequency of Doves in the population. For each value of those constants, 50 replicates
were made, in which the following parameters were kept constant:
N 1000
L 100
T 10000
µ 0,00025
B 150
Table 6: Constant parameters throught the simulations of the Non-neutral Model.
N is the total number of individuals in each generation, L is the size of the lattice, T is
the total number of generations, µ is the rate of genetic mutation and B is the genome size.
5.2.1 The role of game intensity
The constant κ determines how much the game influences the original model, i.e. acts as
an intensity of the inserted selection. We varied the value of κ so that it was equal to 0, 0.5,
5 e 10. The results can be seen in the Figures 20 e 21.
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Figure 20: Number of species formed over 10 000 generations for κ = 0; 0,5; 5 and 10
In Figure 20 each color represents a simulation. Note that for κ = 0 the game has no
effect on the dynamics, i.e. the model is again neutral - with all individuals having the same
probability of reproducing - and the average number of species formed is the same as in the
neutral model. The increase of the game intensity causes the system to take more generations
to reach the average number of species, however note that there is a decrease in the average
number of species formed for κ = 0.5 and this do not happen for κ = 5 and κ = 10.
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Figure 21: Frequency of Doves in the populationfor for κ = 0; 0,5; 5 and 10
It is possible to observe that in the absence of the game , κ = 0, the frequency of Doves
remains, on average, equal to the initial value, what was expected, since this is a stable
equilibrium. When κ is nonzero and there is a contribution of the game to the dynamics,
the system moves from its equilibrium point (1/3 Dove individuals) to the other equilibrium
point (all Dove individuals) and as the value of κ increases, the time it takes for the system
to reach the equilibrium point with all Dove individuals is smaller, which is consistent with
the definition, since the higher the value of κ, the greater the importance of the game in the
dynamics of the system.
5.2.2 The role of α
As can be seen from Equations 17 and 18, α determines the width of the interaction
distribution. The higher the value of α, the wider the distribution, which implies that there is
a greater interaction between more different individuals, that is, there is a greater interspecific
interaction, whereas the lower the value of α, the greater the intraspecific interaction. To
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study the effect of this variable on the number of species formed and the frequency of Doves,
we vary the values of α at 3, 7 e 14. The results can be observed in Figures 22 and 23.
Figure 22: Frequency of Doves in the population for different values of α and κ.
The larger the value of α, the longer the system equilibration time, that is, the greater
the interaction between individuals that are more genetically different, the longer the system
will take to reach the equilibrium point where all individuals are Doves.
42
Figure 23: Number of species for different values of α e κ.
The increase of α causes the average number of species to decrease. That is, when there
is a greater interaction between genetically different individuals , a smaller number of species
is formed.
43
Chapter 6 - Conclusions
Complex evolution involving reticulate histories have been reported in many branches of
the tree of life - including humans [27], wolves [28], Darwin's finches [29] and, more recently,
in ravens [15]. These examples illustrate the importance of reticulation in the evolutionary
process. In this work we used a neutral model of speciation to quantify events of reversals
and to understand how they depend on micro-evolutionary processes such as genome size
and mating radius.
The Spatial Model for Finite Genome is capable of simulate not only speciation but also
events leading to species disappearance. These events can happen by two distinct mech-
anisms: when no individual of the species leaves descendants or when the genetic flow is
reinstated between two species; these events are called extinction and hybridization, respec-
tively. Analyzing the results, it was possible to realize that in our model there are two ways
that a hybridization can occur, when the genetic flow is reinstated after only one speciation
process - a process called fusion - or when it is reinstated after two speciation processes - a
process called speciation reversal.
Through a systematic variation of the genome size and mating radius, as well as the use of
time filters - that eliminate populations that lasted less than a given number of generations
- it was possible to observe how each of these parameters affects the events that lead to
the reduction of biodiversity. We also characterize the population size when undergoing
extinction, fusion or speciation reversal and the characteristic time of these events.
Extinctions are little affected by the variation of the genome size and it is an event
present throughout the evolution affecting only small populations, up to five individuals and
more frequently in populations with two individuals. These results are consistent with the
definition of extinction, since this is an event characterized by species abundance going to
zero, in a way that the number of individuals of a species become very small, eventually
leaving no descendants to the next generation. Hybridizations, on the other hand, are more
affected by the variation of the genome size, and fusions are less sensitive than speciation
reversal, being that the later ceases to happen for genomes with 15000 genes. Fusions, as
well as extinctions, also happen throughout the evolution, while speciation reversals are the
rarest events, occurring mainly at the beginning of the evolutionary process, during the initial
radiation process. Hybridizations are characterized by a short duration of the species that
merge back together, in a way that the differences generated by mutation and recombination
do not greatly increase the genetic distance between the two populations, and happen to
populations with variable sizes, since for the genetic flow to be reestablished between two
species, it is sufficient that an individual of each species can reproduce again with each
other, generating indirect genetic flow with the rest of the species, independent of how many
individuals are involved in each population.
We also made simulations keeping the size of the genome constant, with 15000 entries,
and varying the size of the mating radius. This variation was made in order to simulate two
different types of geographical modes of speciation: parapatric - for small mating radius -
and sympatric - for large mating radius. However, because of the time required for each of
the simulations, not enough replicates have been made, but the partial results were shown
in order to stimulate a more detailed study of the effect of the variation of this parameter in
44
the occurrence of events that lead to the reduction of biodiversity.
Thus, it is possible to observe that the SMFG presents theoretical results that are corrob-
orated by experimental data such as those explained by Anna Kearns, et. al. [15], which was
one of the major motivators of this thesis and shows genetic evidence of speciation reversal
in crows species. As can be seen from the results obtained in this work, speciation reversal is
indeed a rare event, especially after the initial radiation process, as can be seen in Figure 13.
Besides rare, detecting speciation reversal presents some challenges that involve, for example,
identifying the exact time at which reversal occurred [15]; in this sense, the results generated
by SMFG can be a tool to deepen this knowledge.
Lastly, we studied the effects of selection by considering a non-neutral model using con-
cepts from Evolutionary Game Theory. In this new model we have two different phenotypes,
or strategies: the Dove and the Hawk, and we use the game known as Hawk-Dove to study
how the systematic variation of game intensity, as well as the intensity of interaction between
genetically different individuals, affect the number of species formed and the frequency of
each phenotype in the population, the latter providing the evolutionarily stable strategy.
We conclude that the selection generates significant changes in system dynamics. As the
game becomes more important to the model dynamics, the system takes more generations to
reach the average number of species and there is a decrease in the average number of species
formed for κ = 0.5, a result that is not observed for κ = 5 and κ = 10, furthermore the time
required for the system to reach the equilibrium where all individuals are Doves is shorter.
The same effect for the time it takes for the system to reach all Dove individuals is observed
as we increase the interaction between more genetically different individuals, i.e., when we
increase α, however, the number of species formed decreases as we increase α. Lastly we
conclude that in all cases studied, Dove is the evolutionarily stable strategy.
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